Introduction
============

Spatial neglect (SN) is one of the most frequent and disabling neuropsychological syndromes following right-hemisphere damage ([@B17]; [@B10]; [@B1]). SN patients usually fail to report stimuli in the contralesional side of space, rendering difficult their effective perception of the surrounding space. Although some spontaneous recovery occurs in the majority of patients after stroke, SN might remain severe in the chronic phase, limiting considerably the effectiveness of rehabilitation interventions ([@B20]; [@B6]; [@B18]; [@B21]; [@B8]; [@B39]).

One of the most accredited hypothesis explaining SN was introduced by Kinsbourne and it relies on the concept of inter-hemispheric rivalry ([@B22]). In terms of attentional vectors, it is assumed that lesions to the right-hemisphere provoke changes in neural activation inducing inter-hemispheric imbalance and, as a consequence, a hypoexploration of the left (neglected) space and a hyperattention toward the right.

Recently, it has been proposed that SN should be better attributed to abnormalities in the functional organization of large fronto-parietal attention networks, rather than lesions in local cerebral areas ([@B11]; [@B16]; [@B5]). Furthermore, it has been demonstrated that the normalization of the inter-hemispheric connectivity is a physiological signature of recovery from SN ([@B4]; [@B37]).

Behavioral treatments of SN are heterogeneous, because they are based on different theoretical concepts ([@B39]). Most of them, however, are based on the concept of re-orienting the visuospatial attention toward the neglected side of space ([@B25]; [@B35]; [@B3]). Recently, it has been demonstrated that such interventions may have direct effects in the neural mechanisms of SN patients ([@B41]). Furthermore, novel approaches have been proposed based on neurofeedback or brain stimulation techniques in order to suppress/enhance the hyper/hypo-activity in the healthy/affected hemisphere ([@B25]; [@B30]; [@B32]; [@B40]).

The current study aims at evaluating the feasibility of a novel approach based on Brain-Computer Interface (BCI). The last years have seen a growing interest of the scientific community in identifying new directions and different target populations for BCI-driven control and rehabilitation ([@B9]). Indeed, beyond the use as an assistive device ([@B7]; [@B42]; [@B26]), evidences suggest that BCI can play a relevant role in motor rehabilitation by associating actual or imagined motor tasks to a coherent, real-time feedback provided to the patient ([@B12]; [@B15]; [@B36]; [@B2]). Focusing on electroencephalography (EEG)-based studies, recent reviews have highlighted the potential benefits of BCI approaches in motor rehabilitation after stroke ([@B29]; [@B38]). Based on the same principles, we hypothesized that BCI systems might also be adopted in the case of cognitive rehabilitation of SN. Our BCI approach exploits the covert visuospatial attention (CVSA) orienting paradigm ([@B44]; [@B27]; [@B45]) that might offer a direct backdoor to the impaired visuospatial attention mechanisms of SN patients.

Herein, we report the cases of three SN patients who operated an EEG-based CVSA BCI during two consecutive weeks. We evaluated the ability of each patient to operate the BCI and we analyzed possible neurophysiological changes during online BCI operations. To the best of our knowledge, this is the first attempt of using a CVSA BCI and analyzing its contingency effects in SN patients.

Case Description
================

Three SN patients (P1-3, from 46 to 61 years old, median 57; two females) with unilateral right-hemisphere damage participated in the study. Patients did not have previous experience with BCI systems. Written informed consent was obtained from all patients to participate in the study, to collect data and to publish information appearing in this case report. Patients were tested in accordance with the Helsinki declaration. The study was approved by the institutional ethical committee (*Nucleo per la Ricerca Clinica*) of the IRCCS San Camillo Hospital Foundation, Venice, Italy. All patients had unilateral lesions because of first stroke (time from lesion: 4, 8, and 13 months, respectively; Supplementary Table [1](#SM1){ref-type="supplementary-material"}). Lesion sites were confirmed by magnetic resonance imaging scans and localized in the fronto-parietal lobe and in the insula (P1); in the capsulo-thalamic area and in the insula (P2); and in the fronto-temporal-parietal lobe (P3).

Patients were assessed with a screening test to exclude general cognitive impairment ([@B28]), and with a battery of neuropsychological tests to detect SN in the peripersonal space ([@B47]; [@B46]). Clinical signs of SN were present in each patient (P1: BIT-conventional = 104, cut-off \< 130; P2: MMSE = 23.31, cut-off \< 24; BIT-conventional = 122, cut-off \< 130; Symbol cancelation: 3, -3 ≤ cut-off ≥ 3; P3: Symbol cancelation = 5, -3 ≤ cut-off ≥ 3; Supplementary Table [2](#SM1){ref-type="supplementary-material"}).

Materials and Methods {#s1}
=====================

Experimental Design
-------------------

Patients were asked to control an online two-class BCI by means of a voluntary CVSA-orienting task (**Figure [1A](#F1){ref-type="fig"}**). Each trial started with a fixation cross (size 3.12°) in the middle of the screen and a random image of real object (4.8°) at the bottom left (neglected side). After 3000 ms, patients were instructed by a cue (300 ms) to covertly focus their attention to the left target (attention condition) or to keep fixating the center of the screen (rest condition). After a random time (3000--4000 ms), the target was outlined in red. In case of left target selection, the image started moving toward the center. Patients were required to press a button with their right hand as soon as they perceived the target selection.

![Visual paradigm and reaction time (RT). **(A)** Schematic representation of the paradigm presented to spatial neglect (SN) patients. Each trial started with a fixation period (3000 ms) where patients had to gaze at a cross, visible at the center of the screen. Then the cross was replaced by a symbolic cue (300 ms) indicating the to-be-attended location. The covert attention period lasted for 3000--4000 ms; afterward, one of the two to-be-attended locations was highlighted in red (target selection, 100 ms) as online feedback of the classification result. Immediately afterward---in the case of left target---the image started moving toward the center of the screen (target movement, 1000 ms) and it disappeared after 400 ms (target stop). SN patients were required to press a button with their right hand as soon as they perceived the images highlighted in red. **(B)** Analysis on RT for left covert visuospatial attention (CVSA) task. Distribution of RT for each patient across modality. For each box, median is reported. Box edges represent the 25th and 75th percentile of Individual α-Power (IAP). Student t-test outcomes are annotated in each plot. **(C)** Scatter plot shows the evolution of RT over time. Results are reported for each patient (in blue, red, and yellow for P1, P2 and P3, respectively). Lines represent the least-squares fit to the scatter plot for each patient. Spearman's correlation and significance are annotated.](fnhum-11-00336-g001){#F1}

Each patient performed six recording sessions within two consecutive weeks. In average, each session consisted of 2.7 ± 0.8 runs and each run of 30 trials randomly shuffled between attention (20) and rest (10) condition (Supplementary Table [3](#SM3){ref-type="supplementary-material"}). The first two sessions were devoted to the calibration of the BCI with a positive feedback always delivered to patients; in the following runs (online modality) the image selected at the end of the trial was based on the output of the CVSA BCI, as real-time feedback for the patients.

CVSA BCI
--------

Electroencephalography signals were acquired with a 64-channel system at 2048 Hz (BioSemi, Amsterdam, Netherlands). Electrodes were placed according to the standard international 10--20 system. Eye movements were recorded by means of three electrodes placed at the outer canthi of the eyes and at the gabella. The CVSA BCI was similar to our previous work ([@B44], [@B45]). The envelope of the EEG was extracted in seven α sub-bands (8--14 Hz, with 3 Hz of bandwidth) by means of Hilbert transform and a Laplacian filter was applied. Channels were pre-selected in the parieto-occipital regions (17 electrodes: P7--8, PO7--8, O1--2). Trial classification was based on data from the first 3000 ms after the cue. This period was split into windows of 150 ms. For each window, a quadratic discriminant analysis classifier was trained with the most discriminant features (frequency-channel pairs) selected during the calibration. In the online modality, classifiers were evaluated and the resulting posterior probabilities were integrated over time to deliver the final decision at the end of the trial.

Neurophysiological Analysis
---------------------------

### Data Processing

Data were spatially filtered with Common Average Reference and periodogram was extracted in the 4--48 Hz frequency range (1 Hz resolution, 0.0625 ms shift, 1000 ms window). Trials were extracted in the pre-cue interval. We defined six nodes (frontal, parietal, and occipital regions for the left- and right-hemisphere; Supplementary Table [4](#SM4){ref-type="supplementary-material"}) according to ([@B4]).

### Individual α-Frequency (IAF) and Individual α-Power (IAP)

We selected symmetric nodes in the parieto-occipital regions ([@B43]). The spectrum of each channel was normalized for inter-trial comparisons. For each hemisphere, the IAF was defined as the first peak in the frequency range between 6 and 12 Hz (Supplementary Table [5](#SM5){ref-type="supplementary-material"}). If no peak was found in the right (affected) hemisphere, the corresponding average peak computed in the same modality was selected. Therefore, Individual α-Power (IAP) was computed as the average around IAF (±1 Hz) for each trial and for each hemisphere.

### Inter-Hemispheric Discriminancy

First, we selected those features that patients were modulating during BCI operations. Second, we extracted those related to the IAF of each patient. Third, for each run we computed the Fisher Score (FS) values of each feature as follows:
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where *k* indicates the k^th^ feature, *μ* the mean and *σ* the variance over the attention and rest conditions. This metric represents the participants' ability to modulate their neural networks accordingly to the CVSA-orienting task. Fourth, for each run we computed the differences between the FS of each homotopic nodes (right minus left hemisphere).

### Inter-Hemispheric Functional Connectivity (FC)

Analysis on FC was based on ([@B4]). First, for each patient, IAP was extracted in the trial interval (left CVSA task). Second, we averaged the IAP of the channels belonging to each aforementioned nodes. Third, we generated a channel-wise FC map for each node by extracting the time-course of the IAP for the node and computing the Pearson's correlation coefficient between that time-course and the time-course of all the other channels. Finally, we computed the inter-hemispheric connectivity for each node by averaging the FC values of those channels belonging to the nodes in the opposite hemisphere.

### Statistical Tests

Statistics were based on Student's *t*-test between data distributions from the two modalities (calibration vs. online). Statistical significance values reported in the paper are Bonferroni corrected.

Results and Discussion
======================

CVSA BCI Online Accuracy
------------------------

We computed BCI performance as the percentage of trials that the BCI classified correctly during each online session. The average performance was 55 ± 3.9%, 60 ± 2.8% and 58.3 ± 3.7% (median and standard error) for patients P1, P2, and P3. Although patients' BCI performance was low, it was above random for most sessions with an individual maximum accuracy of 76.6, 70, and 70% in their best runs. Furthermore, such a level of BCI accuracy is similar to that achieved by stroke patients during BCI-based motor rehabilitation ([@B34]; [@B36]; [@B33]).

A posteriori analysis of ocular artifacts showed that horizontal eye movements were moderate for all three patients (9.4, 3.6, and 25% of the trials for P1, P2, and P3). Furthermore, the mean square contingency coefficient between the direction of horizontal eye movements and the CVSA tasks was not significant (P1: φ^2^ = 0.53, *p* = 0.46; P2: φ^2^= 0.83, *p* = 0.36; P3: φ^2^= 0.29, *p* = 0.58).

Behavioral Outcome
------------------

**Figures [1B,C](#F1){ref-type="fig"}** report the analysis of the behavioral response to the button press across modalities (calibration or online) and over time for left CVSA task. Results showed a decrement of the reaction time (RT) for patients P2 and P3 (1.15 ± 0.15 s vs. 1.06 ± 0.17 s, *p* \< 0.01 and 0.57 ± 0.20 s vs. 0.45 ± 0.10 s, *p* \< 0.001). Patient P1 did not exhibit any change in RTs (0.50 ± 0.13 s vs. 0.50 ± 0.13 s; *p* = 0.72), however, he had the fastest initial RTs. A significant negative correlation between RTs and trial index was found for patients P2 and P3 (*r* = -0.42, *p* \< 0.001 and *r* = -0.24, *p* \< 0.01). The speedup in RTs cannot be explained as a consequence of behavioral training, since the duration of the trials was random.

Inter-Hemispheric Asymmetry of IAF and IAP
------------------------------------------

We analyzed the spectral and spatial locations of the IAF in the parieto-occipital regions during the pre-cue interval for each patient, modality and hemisphere. During calibration the percentage of trials with missing α-peak was significantly higher in the affected hemisphere (1.73 ± 2.71% vs. 10.02 ± 7.68%, *p* \< 0.01; mean and standard deviation for healthy vs. affected hemisphere). However, during the online modality, a reduction of this percentage seems to occur (1.73 ± 3.1% vs. 7.52 ± 7.90%, *p* \< 0.01). This spatial asymmetry substantially differs from healthy populations, where a symmetric α-response is expected along the two hemispheres ([@B23]; [@B13]).

A comparison of the related IAP is reported in **Figure [2](#F2){ref-type="fig"}** (first row) for each modality and hemisphere. Statistical analysis showed an increment in the affected hemisphere for all patients during the online modality (statistically significant for P1 and P3: *p* \< 0.00001; marginally significant for P2: *p* \< 0.05 without correction). For patient P3 the increment was significant also in the healthy hemisphere.

![Analysis on the IAP. Individual patient results are grouped by column. First row shows the IAP averaged across calibration and online modalities for healthy (left) and affected (right) parieto-occipital nodes. For each box, median is reported. Box edges represent the 25th and 75th percentile of IAP. Student *t*-test outcomes are annotated in each plot. In the second row, the scatter plots show the relation between IAP and RT for the parieto-occipital nodes in the affected (right) hemisphere. Each point corresponds to a trial. Lines represent the least-squares fit to the scatter plot. Spearman's correlation and significance are annotated in each plot.](fnhum-11-00336-g002){#F2}

Furthermore, the aforementioned restoration of the α-peak in the pre-cue interval seems to anticipate the decrement of the RTs in the correctly classified left trials (**Figure [2](#F2){ref-type="fig"}**, second row). In fact, patients P2 and P3 showed a significant negative correlation between the RTs and the IAP in the affected hemisphere (*r* = -016, *p* \< 0.05 and *r* = -0.22, *p* \< 0.01). This did not apply for patient P1 (*r* = -0.04, *p* = 0.61) but he/she was the only one who showed constantly low RTs over all runs. These results are in line with the literature, where it has been demonstrated that exists a positive correlation between the strength of α-power in the pre-stimulus interval and a faster RT ([@B24]; [@B31]).

Inter-Hemispheric Asymmetry of Features Discriminancy
-----------------------------------------------------

Feature discriminancy is a common BCI metric to assess the subject's ability of modulating channel-frequency pairs during different mental tasks ([@B14]; [@B26]). Herein, we investigated possible inter-hemispheric changes in the spatial distribution of discriminancy across the two experimental modalities (calibration and online).

Topographic maps in **Figure [3](#F3){ref-type="fig"}** show the spatial distribution of discriminancy during calibration and online modalities (only parieto-occipital channels exploited in the online BCI are reported; normalized values are shown for comparison purposes; low discriminancy in blue, high in red). An initial imbalance of the discriminancy toward the healthy hemisphere (patients P1 and P3) and toward the affected one (patient P2) seems to be attenuated in the online modality. This hypothesis is supported by analysis on the difference of discriminancy between homotopic regions (**Figure [3](#F3){ref-type="fig"}**, second row). Negative values correspond to asymmetry in the modulation toward the left (healthy) hemisphere. A general asymmetry reduction (values toward zero) was reported for all patients in the parietal or the occipital regions with statistical significance for P1 and P3 (*p* \< 0.05) and marginal significance for P2 (*p* \< 0.05, without correction). Furthermore, for all patients, the asymmetry toward the healthy hemisphere significantly decreased across runs (P1, parietal regions: *r* = 0.59, *p* \< 0.01; P2 and P3, occipital regions: *r* = 0.52, *p* \< 0.05 and *r* = 0.51, *p* \< 0.05) (**Figure [3](#F3){ref-type="fig"}**, third row).

![Analysis on features discriminancy. Individual patient results are grouped by column. First row illustrates the topographic maps of Fisher Score (FS) values normalized between 0 and 1 (for comparison purposes) for calibration and online modality. Low and high discriminancy is reported in blue and red, respectively. Only the parieto-occipital channels used as input for Brain-Computer Interface (BCI) online operations are shown. Second row depicts the difference of FS values between nodes belonging to affected and healthy hemisphere (parieto and occipital regions, separately) for each modality. In each box, median is reported. Box edges represent the 25th and 75th of FS. Negative values correspond to a stronger modulation in the healthy (right) hemisphere. Student *t*-test outcomes are annotated in each plot. Third row reports the evolution over runs of the difference of FS values. Each point corresponds to the value computed in a run. Lines represent the least-square fit to the scatter plot. Spearman's correlation and significance are annotated in each plot.](fnhum-11-00336-g003){#F3}

Inter-patient differences might be explained by the fact that the most discriminant channels are strictly subject-dependent during CVSA tasks, as already reported in literature ([@B44], [@B45]). These results are in line with the rivalry hypothesis of SN ([@B22]) with the additional advantage of contingency with respect to the attention task performed by the patients.

Inter-Hemispheric FC
--------------------

Several functional Magnetic Resonance Imaging (fMRI) studies reported a relation between FC in large scale resting-state networks and SN ([@B11]; [@B16]). On the other hand, our within-patient connectivity analyses focused on investigating the FC during the attention task (driven by the CVSA BCI) and possible changes between calibration and online trials by exploiting the high spectro-temporal resolution of EEG signals. A general inter-patient trend seems to appear, highlighting an increment of inter-hemispheric FC for nodes in the affected (right) hemisphere and decrement for those in the healthy (left) one (**Figure [4](#F4){ref-type="fig"}**). Topographic plots show the difference between online and calibration FC maps computed with respect to each of the selected nodes (electrodes highlighted in magenta). Boxplots illustrate the difference in calibration and online modality between the FC of each node and the FC averaged across the whole opposite hemisphere. Only statistically significant differences are reported. For patient P2 the inter-hemispheric FC increment happened in the right-occipital node (*p* \< 0.05) and for patient P3 in right-frontal (*p* \< 0.001) and right-parietal nodes (*p* \< 0.001). Contrarily, for patient P1, decrement of FC occurred in left-parietal (*p* \< 0.01) and left-occipital nodes (*p* \< 0.05) and, again, for patient P2 marginally in left-frontal node (*p* \< 0.05, without correction). Changes in FC did not correlate with RT for any patient or node. Previous studies in resting-state networks demonstrated that the increasing inter-hemispheric connectivity (from right parietal regions to left hemisphere) is a signature of recovery from SN ([@B37]). The missing correlation between connectivity changes and RT might be due to the task-dependent nature of our analysis and, consequently, to the task-induced specific correlation patterns between different cortical regions ([@B49]) as already suggested in ([@B4]).

![Analysis on inter-hemispheric connectivity. For each patient, topographic maps of z-transformed functional connectivity (FC) between each node and the whole opposite hemisphere are reported. Difference between online and calibration modality is reported for visualization purposes. In each map, nodes (and channels belonging to) are highlighted in magenta. Box plots represent the distributions of the z-transformed FC in the calibration and online modality. Only nodes with statistical significance difference between modality are shown. In each box, median is reported. Box edges represent the 25th and 75th of the z-transformed FC. Student *t*-test outcomes are annotated in each plot.](fnhum-11-00336-g004){#F4}

Concluding Remarks
==================

To the best of our knowledge, for the first time cortical effects in EEG patterns have been monitored during online CVSA BCI operations performed by SN patients. As primary outcome, our study showed that three patients suffering from SN can actively control a CVSA BCI. Nonetheless, an improvement of such a level of control might be desirable to enhance the neurofeedback- driven reward and, as a consequence, the neuroplasticity response ([@B19]; [@B48]). In this regard, additional neural correlates of CVSA \[e.g., the lateralization index ([@B43])\] and new training paradigms can be investigated in future studies. From the neurophysiological point of view, inter-modality analyses on the restoration of the initial α-response asymmetry, as well as on the increment of modulation and connectivity in the affected hemisphere, suggest a positive effect of the online BCI feedback. However, it should be noticed that causality between online BCI operations and changes in the inter-hemispheric activity cannot be firmly established yet, given the limited population size and the uncontrolled experimental design. Further studies are required in order to verify such hypotheses. First, it is mandatory to run a long-term randomized controlled trial with larger groups to identify the effective contribution of the online BCI feedback. Second, it is also crucial to probe with other functional techniques, such as fMRI, the actual recruitment of perilesional areas and their role in inter-hemispheric activity. Finally, such a kind of CVSA BCI should be combined with tailored cognitive interventions to optimize the clinical outcomes and to reduce the confounding factors and the within-patient variability effects.
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